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Myocytes in the failing heart also exhibit abnormalities of intracellular calcium ([Ca 2ϩ ] i ) handling that influence the AP profile. However, the precise electrophysiological mechanisms that link the abnormalities in Ca 2ϩ handling and AP profile are unclear (5, 25, 43, 48) . Depression of the sarcoplasmic reticulum (SR) Ca 2ϩ content is characteristic of the failing heart and has been alternatively attributed to defective cytosolic Ca 2ϩ removal, due to decreased functional expression of the SR Ca 2ϩ ATPase (SERCA2a) and/or enhanced sodium (Na ϩ )-Ca 2ϩ exchanger (NCX) function (5, 25, 48) and/or aberrant SR Ca 2ϩ leak, due to altered ryanodine receptor (RyR) function (44, 59) .
Whereas transmural hetererogeneity of the myocyte APD and transmembrane currents has been observed in the canine heart (4, 34 -36, 39, 40) , transmural heterogeneity in Ca 2ϩ handling, particularly in failing myocytes, has been less closely investigated. Variation of Ca 2ϩ flux across the sarcolemma, as well as alteration of the SR Ca 2ϩ uptake and release mechanisms, can be expected to have a substantial, additional impact on transmural electrical heterogeneity and the potential for arrhythmia formation (30) .
To better understand the heterogeneous and potentially arrhythmogenic mechanisms responsible for abnormal Ca 2ϩ homeostasis across the failing left ventricular (LV), we examined the transmural distribution of APs, [Ca 2ϩ ] i , and the L-type Ca 2ϩ current (I Ca,L ) and assessed the effect of the NCX in myocytes isolated from the canine-pacing tachycardia-induced heart failure (HF) animal model. We then used experimental data from normal and failing hearts (obtained in this as well as other studies) to develop biophysically detailed computer models of canine myocytes across the LV and explore the functional consequences of altered transmural hererogeneity on tissue-level electrophysiology. The present work establishes a minimum order of distinct processes as centrally important in producing the increased dispersion of repolarization and susceptibility to arrhythmias observed in the failing heart.
METHODS
Tachycardic pacing-induced failure protocol and enzymatic myocyte isolation. Induction of end-stage HF and ventricular myocyte isolation was carried out as described previously, using protocols approved by Johns Hopkins University Animal Care and Use Committee (25, 30, 48) . In brief, male mongrel dogs were anesthetized and underwent implantation of a ventricular demand inhibited pacemaker (Medtronic, Minneapolis, MN). Rapid pacing at 240 bpm was initiated 1-2 days after surgery and maintained for 3-4 wk, at which time, LV end-diastolic pressures (measured prior to death) were Ͼ20 mmHg, indicating substantial cardiac failure (5, 48) .
Hearts were harvested by left-lateral thoracotomy, immersed in ice-cold cardioplegic solution (in mmol/L: KCl 104, NaCl 32, NaHCO 3 Single-myocyte physiological studies. Isolated ventricular myocytes were whole-cell patch clamped at 37°C in a heated chamber on the stage of an inverted fluorescence microscope (Olympus IX70). Borosilicate glass pipettes of 3-5 M⍀ tip resistance were used for whole-cell recording of APs or membrane currents of LV myocytes isolated from adult normal and failing canine hearts with an Axopatch 200B amplifier digitized via a Digidata 1200A (Molecular Devices, Sunnyvale, CA) personal computer interface.
Fluorescent [Ca 2ϩ ]i measurements and analysis were performed as described previously (5) . After establishing the whole-cell configuration, 20 mV depolarizing test pulses from a holding potential of Ϫ80 mV were applied to examine the passive membrane properties of the myocyte. Myocyte capacitance was determined by integrating the area under the capacitive current trace, and series resistance was determined from the exponential time constant (m) of current decay (Rs ϭ Cm/m).
Standard protocols were used to measure the voltage dependence of ICa,L (25) . Myocytes were held at Ϫ80 mV and then depolarized to a family of test membrane potentials [(VM): Ϫ60 to 40 mV in 10-mV increments] for 500 ms at a repetition interval of 4 s. L-type Ca 2ϩ channel conductance was determined according to the equation: G ϭ ICa,L/(VM -Erev), where Erev is the apparent reversal potential for ICa,L, normalized to maximum conductance (Gmax). Activation data were fitted with a Boltzmann equation of the form G/Gmax ϭ 1/{1 ϩ exp[(V0.5,act Ϫ VM)/kact]}, where V0.5,act is the voltage of one-half activation, and kact is the slope of activation. Steady-state inactivation was examined by 1,000 ms prepulse depolarizations from Ϫ80 mV to a family of VM (Ϫ60 to 30 mV in 10-mV increments) every 4 s, followed by a 5-ms pulse to Ϫ80 mV and a 500-ms pulse to 10 mV. Steady-state inactivation curves were fitted with a Boltzmann equation of the form I/Imax ϭ 1/{1 ϩ exp[(V0.5,inact Ϫ VM)/kinact]}, where Imax is the maximum current, V0.5,inact is the voltage of one-half inactivation, and kinact is the slope of inactivation.
For AP measurements, myocytes were superfused with a physiological salt solution containing (in mmol/L): NaCl 138, KCl 4, MgCl2 1, CaCl2 2, NaH2PO4 0.33, glucose 10, and HEPES 10, pH 7.4, with NaOH. The intracellular solution was of physiological ionic composition containing (in mmol/L): potassium (K ϩ ) glutamate 130, KCl 9, NaCl 10, MgCl2 0.5, MgATP 5, and HEPES 10, pH 7.2, with KOH and 50 mol/L indo-1 (pentapotassium salt; Molecular Probes, Eugene, OR) (25, 48) . The pipette-to-bath liquid-junction potential was Ϫ17 mV and was corrected. ]i was buffered with 5 mM BAPTA. The "pipette-to-bath" liquid-junction potential was measured and was found to be minimal (ХϪ5.7 mV) and was, therefore, not corrected. For selective measurements of the of the [Ca 2ϩ ]i in the absence of NCX activity, the external and internal solutions were NMDG containing external solution and cesium containing internal solution without BAPTA, respectively, but [Ca 2ϩ ]i was not buffered. The liquid-junction potential was measured, found to be minimal (ХϪ4.9 mV), and therefore, not corrected.
The was determined by fitting a single exponential to the [Ca 2ϩ ]i during the late phase of repolarization of the AP (see Fig. 2 ) or for voltage-clamp pulses, 20 ms after returning to the holding potential after a stimulus (48) .
Computer model. To understand the effect of the observed electrophysiological abnormalities at the whole-heart level, we used a previously developed computer model of the Mid ventricular myocyte (57) to develop computer models of the Endo and Epi layers. We aimed to develop models that were comprehensive yet relatively simple to understand, with a minimum order of alterations to the Mid model, which reproduce the known experimental behavior of myocytes from normal and failing hearts.
To accurately reflect the membrane current and Ca 2ϩ -handling characteristics of each layer across the LV, an updated model for the transmural variation of ionic currents and exchangers is first formulated. These myocyte models were coupled electrotonically to form a one-dimensional (1D) cable, simulating a transmural section of the canine ventricular free wall, measuring 1 cm (composed of 100 total myocytes: 33 Endo, 33 Mid, and 34 Epi myocytes). The cable was paced by delivering a stimulus of magnitude Ϫ200 pA/pF for 0.5 ms to the first two Endo myocytes at 1 Hz. Conduction velocity is known to be transmurally variable (51); consequently, the intercellular coupling conductance was reduced over the Epi surface to slow conduction by 60%. The consequent transmural activation time is 22 ms, and conduction velocity measures 45 cm/s.
Briefly, the whole-cell model is composed of a system of 51 coupled, nonlinear differential equations, which are integrated numerically using the Runge-Kutta Ordinary Differential Equation solver integration (21, 57) , with 10 Ϫ6 relative error tolerance. Further details regarding the computational model can be found in previous work (57) .
Local electrograms were computed at a distance of 2 cm from the end of the cable (an arbitrary distance, although one that would simply adjust the scaled magnitude of the electrogram), using field theory (50)
where ⌽E is the local electrogram at the point of observation r ¡ ; i and e are constants describing the intracellular and extracellular conductivity, respectively; a is a constant representing the radius of the fiber; V m represents the membrane potential at each source point along the cable; and r represents the distance between the source and the observation point. Statistical analysis. Pooled data are presented as mean Ϯ SE. Statistical comparisons were made using an unpaired Student's t-test. Quantitative features of myocytes from each layer are summarized in Table 1 . The resting V M was not different between normal and failing myocytes. In normal myocytes, there was a trend toward longer APD at 90% repolarization (APD 90 ) in Mid myocytes compared with the other two layers and in Endo myocytes compared with the Epi ones.
RESULTS

APs.
In failing hearts, Mid myocytes had significantly longer APD 90 compared with myocytes from normal hearts (P Ͻ 0.05), whereas Endo myocytes from failing hearts had significantly shorter (P Ͻ 0.05) APD 90 compared with Mid and Epi failing myocytes (Table 1) .
AP-stimulated [Ca 2ϩ ] i. We next attempted to examine whether the observed changes in APD 90 in myocytes from failing hearts are associated with transmural changes in [Ca 2ϩ ] i . We observed that [Ca 2ϩ ] i of myocytes from normal hearts show a typical appearance, with relatively fast upstroke and relaxation. On the other hand, [Ca 2ϩ ] i of myocytes from each layer of the failing heart demonstrates the typical blunted, delayed upstroke with wider duration and slow decay phase compared with myocytes from normal hearts (Fig. 1) .
In current-clamp, the diastolic Ca 2ϩ ( Fig. 2A) In normal hearts, there was no significant difference in I Ca,L (peak inward minus the steady-state current at the end of the pulse) across Epi, Mid, or Endo. However, in myocytes from failing hearts, there was a layer-dependent reduction in peak I Ca,L , producing a transmural gradient. Figure 3A shows representative I Ca,L in Endo myocytes from normal and failing hearts. Strikingly, we found a 45% and 26% reduction in the peak I Ca,L density of the Endo and Mid myocytes compared with myocytes from normal hearts (P Ͻ 0.001 and Ͻ0.05, respectively), whereas the Epi I Ca,L density was unaltered (Fig. 3B) . There were no significant changes in the voltage dependence of both activation and steady-state inactivation of I Ca,L across cell layers for myocytes from normal hearts. Myocytes from failing hearts showed a minimal hyperpolarizing shift in V 0.5,act (Ͻ3 mV) in Endo and Epi myocytes; V 0.5,inact was similarly minimally affected by HF (Table 2 ). These findings suggest that the large difference in the current-voltage relations for Mid and Endo myocytes from failing hearts is mediated predominantly by a reduction in current density.
Quantitative comparison of voltage clamp-and AP-elicited [Ca 2ϩ ] i is shown for myocytes from normal and failing hearts in Fig. 3C . In failing hearts, the peak [Ca 2ϩ ] i measured under voltage-clamp control in physiological solutions was reduced significantly in Endo and Epi myocytes (P Ͻ 0.05) compared with cells isolated from the same layers of normal hearts, with a similar trend toward significance for Mid myocytes (Fig. 3C) .
Voltage clamp-stimulated [Ca 2ϩ ] i in Na ϩ -free solutions. In physiological solutions, Ca 2ϩ removal occurs predominantly through SR reuptake and extrusion through NCX; mitochondrial and sarcolemmal-mediated Ca 2ϩ removal contributes Ͻ10% to the total Ca 2ϩ decay rate (9) . To further investigate the mechanism underlying the prolonged decay phase of free, K ϩ -free intracellular and extracellular solutions, the degree of prolongation of Ca should almost exclusively represent the myocyte's SR Ca 2ϩ uptake rate (by removing the ability to extrude Ca 2ϩ through the NCX), allowing estimation of the contribution of SR Ca 2ϩ uptake alone. As expected, Ca generally increased in the absence of Na ϩ , given the elimination of NCX-related Ca 2ϩ extrusion; however, this increase reached statistical significance (P Ͻ 0.05) only in Epi and Mid myocytes from failing hearts (Fig. 4) . In Mid and Epi normal myocytes, Ca was prolonged by 23% and 60%, respectively, in the Na ϩ -and K ϩ -free solution compared with physiological solutions (P Ͻ 0.05). In myocytes from failing hearts, Ca was prolonged by 50% and 85%, respectively, relative to that in physiological solutions (P Ͻ 0.05). In contrast, the Ca of Endo myocytes isolated from normal hearts was prolonged by 32% in the Na ϩ -and K ϩ -free solution compared with physiological solutions (P Ͻ 0.05); however, in the failing heart Endo, Ca was not significantly prolonged relative to that in physiological solutions.
These results suggest that Mid and Epi myocytes from failing hearts have a greater reliance on NCX for removing Ca 2ϩ from the cytoplasm than myocytes isolated from the corresponding layers of normal hearts, whereas failing Endo myocytes likely depend less on NCX than their normal counterparts.
Computer simulations. The remodeling of ionic currents and transporters observed in the failing heart has been shown to promote arrhythmogenesis (7) . To investigate the functional consequences of this remodeling, simulations were performed using computer models of Endo, Mid, and Epi canine ventricular myocytes.
The model is constrained using biophysical data obtained in canine LV myocytes (8, 19, 39, 60) , along with the measured transmural differences in Ca 2ϩ handling, shown in Table 3 . Specifically, the Endo, Mid, and Epi myocyte models involved changes to the conductance of the transient outward current density (I to1 ) and slowly activating delayed rectifier current density (I Ks ) membrane currents, as well as the density of the NCX current (I NCX ). In addition, based on prior work (27, 60) , late Na ϩ current is incorporated into the model at a conductance producing 0.6 pA/pF for the Endo, 0.78 pA/pF for the Mid, and 0.41 pA/pF for the Epi models, after 300 ms at 0 mV [compared with experimentally derived values of Ϫ0.53 Ϯ 0.06, Ϫ0.79 Ϯ 0.07, and 0.46 Ϯ 0.07 pA/pF, respectively (60)].
The changes from the original Mid ventricular myocyte model (57) are summarized in Table 3 . Specifically, transmural heterogeneity was implemented by adjusting membrane current densities. We have introduced changes in the I Ks , inward rectifier current density (I K1 ), I NCX , and I to1 current densities, as well as the fraction of Kv4.3 and Kv1.4 proteins that encode I to1 across the heart (Table 3) , generating Endo, Mid, and Epi models (21, 40, 60) . We then created failing myocyte phenotypes by downregulating the I Ca,L , SERCA2a, I NCX , and I to1 (36) current densities (Table 4) .
Simulated APs of Endo, Mid, and Epi myocytes are shown in Fig. 5A . These APs demonstrate similar profile and duration compared with the experimentally obtained ones (Table 1) ; normal APs show a prominent notch and plateau for Epi, notch and prolonged plateau phase for Mid, and Endo without phase 1 notch and intermediate APD. APD 90 , for the three myocyte types in isolation, compares favorably with experimentally recorded APD ( Fig. 1 and Table 1 ) and with Epi APD 90 of 279 ms, Mid of 346 ms, and Endo of 304 ms. When coupled into a 1D cable representing a cross-section of the ventricular free wall, with simulated physiologic stimulation at the most Endo surface, repolarization proceeds from the epicardium to the endocardium, producing an upright T-wave (Fig. 5B) and a QT interval from the derived electrogram of 337 ms.
We next use this model to understand which processes in HF affect repolarization most strongly and in which direction. We separately analyze the alterations to K ϩ currents and the Ca 2ϩ cycling processes (Fig. 6) . Modulation of the I to1 density does have a prominent effect on the initial phase 1 repolarization dynamics and adjusts the potential at which the notch occurs. The remaining K ϩ currents are shown to have little effect on APD compared with the normal myocytes. In contrast, modulation of the Ca 2ϩ cycling processes at levels observed in HF has a large effect on APD. Reduction of SERCA2a flux in isolation has the most prominent AP prolonging effect (indeed, altering this parameter in isolation prolongs APD to a greater extent than the complete HF model). Reduction in L-type current density with respect to the Mid and Endo levels has a large effect in reducing APD and in isolation, accounts for a large proportion of the APD reduction of the Endo layer, observed in our experiments. Although SR Ca 2ϩ content is likely to be an important factor, modulation of the NCX current in isolation is shown to have an intermediate effect on APD. These simulations suggest that the HF-induced alterations in the Ca 2ϩ cycling processes have the predominant effect in modulating alterations in a repolarization sequence.
The ionic changes of HF were next incorporated into the model with the appropriate transmural changes to I CaL , SERCA2a, NCX, I to1 , and I K1 (Table 4) . APs from isolated myocytes show that the endocardium has substantial APD shortening (Fig. 1) . Epi and Mid myocytes exhibit prolonged APD (change of Ϫ56 ms, ϩ63 ms, and ϩ105 ms for Endo, Mid, and Epi, respectively), compared with normal myocytes. Consequently, the failing cable model stimulated at the Endo surface shows Endo-to-Epi repolarization and an inverted Twave on the reconstructed electrogram (Fig. 5B) with a QT interval of 352 (slightly prolonged).
The resulting Endo APD shortening compared with the Epi layer (where the action potential is longer and L-type density is unchanged) underlies the inversion of the T-wave and significant dispersion of APD. The dispersion of repolarization can be computed directly from these simulations; indeed, in the failing model, total dispersion of repolarization is 56 ms, compared with only 11 ms in the normal model. It is important to note that if slowed conduction is accounted for, dispersion may be even greater in failing hearts (see DISCUSSION) .
DISCUSSION
This study presents the first integrated description of the transmural AP and Ca 2ϩ -handling remodeling observed in the LV of an end-stage HF model in the canine. The major findings of this study are that HF nonuniformly affects the transmural heterogeneity of the AP and [Ca 2ϩ ] i in the canine LV. Specifically, we have found that first, the regional AP heterogeneity observed in the normal heart is altered in HF; second, AP changes are accompanied by transmural heterogeneity in features of [Ca 2ϩ ] i across the LV in HF; third, the changes in AP and [Ca 2ϩ ] i are attributed to progressively decreased density of I Ca,L from the Epi to Endo layer, as well as modulation of the NCX and the SR Ca 2ϩ uptake and release mechanisms across the LV; and fourth, these changes establish a minimum order of distinct Ca 2ϩ regulatory processes, which together with K ϩ current alterations (2, 3), are centrally important in producing the increased dispersion of repolarization and propensity to arrhythmias observed in the failing heart. AP heterogeneity in the normal and failing heart. Differences in APD of myocytes isolated from the Endo and Epi layers of the LV have previously been reported in rat (14) , guinea pig (42), rabbit (18) , canine (40) , and human (47). Our results confirm earlier work (15, 36, 38, 40) , in which the APD 90 of Endo myocytes tended to be longer than those of Epi myocytes in normal canine hearts at physiological stimulation frequencies.
Previous studies have indicated that APD is significantly prolonged in myocytes isolated from LV in a number of models of HF (2, 3, 6 ). Our data demonstrate significant APD prolongation of the Mid myocytes and more modest prolongation of the Epi, whereas Endo myocyte APD is shortened. A study by Li et al. (36) has shown that APD increases uniformly across the failing LV; however, we and others (45, 52) have shown that Endo myocytes in these hearts may have shorter APDs. Another study has shown no difference in Endo APD (12) . The alterations in the AP profile seen in our experiments are in general agreement with those seen in Akar and Rosenbaum (1) and Glukhov et al. (20) , in which a significant prolongation of the Mid and Epi layer was seen in the failing LV. In these studies, APs from Endo myocytes were unchanged or prolonged (but only modestly, compared with the prolongation observed in the Mid layer), compared with our findings of shorter Endo APD. Recently, a study of a limited number of end-stage failing human hearts, which used the intact wedge preparation and optical mapping (41), observed marked heterogeneity of excitation-contraction-coupling properties across the LV wall, especially at fast heart rates, which could be associated with poor mechanical function and a higher risk to arrhythmic events. It is possible that changes in transmural AP profile and Ca 2ϩ cycling among studies are model specific, and differences among these reports reflect, in part, the fact that distinct molecular abnormalities converge to the common phenotype of HF. These differences are compounded further by species differences in the expression and function of major Ca 2ϩ cycling proteins, as well as by differences in the spatiotemporal progression and severity of the disease.
It is also possible that lack of AP shortening in the Endo surface in the intact wedge preparation is the consequence of coupling of the Endo layer to the adjacent Mid layer (which exhibits profound APD prolongation), an electrotonic contribution to APD prolongation, which is not present in our experiments on isolated myocytes. To assess this possibility, we used our model (representing a transmural section of the wedge preparation) to examine whether there were significant cellular APD differences when electrotonic coupling is intact.
In Fig. 7 , we present the Endo, Mid, and Epi APs for normal and failing cable tissue. As it is demonstrated by the transmural activation time, the Endo AP experiences the stimulus first, and 22 ms later, the impulse reaches the Epi surface. In normal tissue, the epicardium repolarizes completely before the other layers. In failing tissue, the demonstration of complete repolarization of the Endo AP before the Epi AP explains the genesis of an inverted T-wave, as discussed previously. However, when calculating the APD of the individual layers, the Mid myocyte APD is shorter than that of the Epi layer, in contrast to the APD in isolated myocytes, in which Mid myocytes have the longest APD. Similarly, the coupled Endo APD is longer than that of myocytes in isolation. These simulations suggest one plausible factor contributing to the discrepant observations of Endo APD seen in the literature. When the failing cable model is modified to include slowed conduction across the ventricular wall (Fig. 7) , the findings are similar: prolongation of APD is seen across much of the ventricular wall, with an increased degree of dispersion of repolarization.
Ca 2ϩ handling in the normal and failing heart. Numerous changes in ionic current and transporters have been implicated in HF; these studies (2, 3, 15, 36) identify the downregulation of the I K1 , I to1 , and I Ks as primary mechanisms for the transmural APD prolongation. Our work extends these observations by demonstrating that regional decreases in Ca 2ϩ entry into the myocyte, coupled with reduced uptake and release from the SR, could also contribute to the exaggerated APD heterogeneity in the failing LV.
Previous studies in this model of HF have shown severe LV contractile dysfunction and abnormalities of Ca 2ϩ cycling (5, 25, 26, 48) . These results demonstrate that the [Ca 2ϩ ] i amplitude is decreased in myocytes from different layers of the failing heart and in particular, at the Epi layer, becomes statistically significant. In addition, the rate of removal of cytosolic Ca 2ϩ is slowed (Fig. 2, D-F) and can be partly explained by depressed SR Ca 2ϩ uptake, consistent with a previously observed decrease in SERCA2a mRNA and protein levels (22, 23, 37) . During relaxation, the other major process governing Ca 2ϩ removal is extrusion from the myocyte via NCX. In experiments using nominally Na ϩ -free solutions (Fig.  4) , we have demonstrated that each myocyte layer differentially relies on NCX to remove Ca 2ϩ in diastole, and Endo myocytes are the least reliant on the NCX for Ca 2ϩ extrusion. This finding is in agreement with previous measurements in this HF model across the LV wall (58) , where inward (forward mode) current at Ϫ100 mV was greater in myocytes from failing endocardium (implying less Ca 2ϩ extrusion) but lower in the failing epicardium (implying more Ca 2ϩ extrusion). In addition to exhibiting defective Ca 2ϩ reuptake, failing hearts have been demonstrated to have abnormalities in Ca 2ϩ release through RyR, although the mechanism for this finding is controversial (29, 43 ). Our results demonstrate that in failing hearts, the rate of rise of the [Ca 2ϩ ] i is depressed in Endo and Epi myocytes (Fig. 2B) , and the TTCaTP is delayed (Fig. 2C) . This is consistent with impaired and less-coordinated SR Ca 2ϩ release in the failing LV, either as a result of altered SR Ca 2ϩ content or abnormal SR release channels, although we cannot distinguish between these two potential mechanisms. This could lead to progression of the HF phenotype and arrhythmogenesis (44) .
Similar to prior studies (15), we observed a similar currentvoltage I Ca,L relationship for myocytes from all three layers; however, a marked downregulation of peak I Ca,L in Endo and Mid myocytes from failing hearts (Fig. 3, A and B) may contribute to the APD shortening in Endo myocytes from failing hearts, a finding contrary to that of Li et al. (36) . Indeed, L-type current density has been reported to be increased (32), unchanged (11), or decreased (49) in previous reports of human and animal HF models. It is likely that the discrepancy among studies may be attributed to differences in the LV regions used to isolate myocytes. Another possible explanation may be that there are differences in the severity of hypertrophy or failure in these models; it has been reported that the severity of the disease is inversely correlated with the density of the I Ca,L (13, 46) or the number of dihydropyridine binding sites (24) .
Mechanisms of ventricular arrhythmias in the failing heart. Two postulated mechanisms of arrhythmogenesis are triggered activity and re-entry. Terminal HF is associated with functional downregulation of a variety of K currents, including I K1 and the delayed rectifier currents, rapidly activating delayed rectifier current density (I Kr ) and I Ks (10, 30, 36) , which may (in addition to the defective Ca 2ϩ cycling that we have demonstrated in this study) account, in part, for the AP prolongation in myocytes isolated from failing ventricles. Significant APD prolongation may lead to early afterdepolarizations, which may underlie triggered activity in the failing heart. Furthermore, delayed afterdepolarizations, due to spontaneous and ectopic Ca 2ϩ release events, may also be the source of triggered activity (54) . Increased function of the NCX in the failing heart (5, 58), which our results suggest may differentially affect different tissue layers, may augment transient inward currents, thereby increasing the potential for delayed afterdepolarizations and trigger arrhythmias.
Our computer simulation studies demonstrate that a minimal number of alterations, modeled after experimental results, produce a phenotype typical of the failing myocardium and may promote re-entry. In normal myocytes, stimulation of the Endo surface of the ventricular wall results in a normal QT interval and upright (concordant) T-wave. In contrast, as a consequence of altered repolarization dynamics, failing simulations show an inverted (discordant) T-wave, which is often seen in surface electrocardiograms of patients with cardiomyopathy (53) . Although the QT interval is not prolonged significantly, the width of the T-wave is prolonged, which is suggestive of significant APD dispersion. Since our model of HF did not incorporate changes to conduction velocity [which may be present in human HF (51)], the simulation findings further demonstrate that isolated changes in myocyte repolarization (without changes in activation sequence) are sufficient to account for these findings.
In the normal heart, the longer APD of the Endo than the Epi myocytes ensures that the topographical sequence of repolarization is the reverse of depolarization (31) . In HF, the longer APD in Epi than in Endo myocytes may allow a wave of excitation to re-enter into repolarized Endo tissue, providing a more favorable substrate for the initiation and maintenance of polymorphic tachycardias and ventricular fibrillation (28) .
The findings of the present study support the notion that terminal HF exhibits spatially heterogeneous alteration of electrophysiological and Ca 2ϩ -handling properties, suggesting that in treating HF, it may be required not only to identify the disease genes and molecular pathways governing pathology but also eventually to target specific tissue types. Furthermore, these results provide a framework for understanding how changes in HF, frequently observed in experimental models, might form a substrate for arrhythmogenesis, a manifestation of the disease that causes substantial morbidity and mortality in affected patients.
Study limitations. In the present study, the whole-cell, patchclamp technique was used to measure membrane currents and APs and permits direct measurement of the currents in an intact cardiac myocyte; however, this method will alter the cytosolic composition. Although this artifact is equally applied to both normal and failing myocytes, we cannot exclude the possibility that our recordings are differentially modulated by cytoplasmic mediators in normal and failing myocardium (16) .
Our simulations used a biophysically detailed computational model that reproduces the electrophysiology of canine ventricular myocytes. A minimum order model of failing myocytes was created to account for the major processes disrupted in HF to answer simple mechanistic questions using the model. However, computational models are rooted in assumptions that may hold true only for an individual disease state or experimental preparation. As further experimental data become available, the model can be upgraded to represent broader channel biophysical properties and cell electrophysiology, even more faithfully.
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